Phototherapy has been widely used in treating neonatal jaundice, but detailed metabonomic profiles of neonatal jaundice patients and response to phototherapy have not been characterized. Our aim was to depict the serum metabolic characteristics of neonatal jaundice patients relative to controls and changes in response to phototherapy. A 1 H nuclear magnetic resonance (NMR)-based metabonomic approach was employed to study the metabolic profiling of serum from healthy infants (n = 25) and from infants with neonatal jaundice (n = 30) pre-and postphototherapy. The acquired data were processed by multivariate principal component analysis (PCA) and orthogonal partial least-squares-discriminant analysis (OPLS-DA). The PLS-DA and OPLS-DA model identified nine metabolites capable of distinguishing patients from controls. In addition, 28 metabolites such as β-glucose, α-glucose, valine, and pyruvate changed in response to phototherapy. This study offers useful information on metabolic disorders in neonatal jaundice patients and the effects of phototherapy on lipids, amino acid, and energy metabolism.
Jaundice is the most common disease in newborn infants. It has been estimated that ß60% of term babies and 80% of preterm babies develop jaundice in their first week of life. 1, 2 Phototherapy is generally considered a safe and welltolerated therapy in neonatal jaundice. It can convert bilirubin into water-soluble isomers that are easily eliminated through the gastrointestinal tract or lost in urine. 3, 4 Bilirubin absorbs light most strongly in the blue region of the spectrum near 460 nm wavelength. Gallium nitride light-emitting diodes (LEDs), which deliver high-intensity light of a narrow wavelength spectrum, has been developed and is increasingly being used for neonatal jaundice. 5, 6 Although phototherapy is an effective treatment for neonatal jaundice, few biomarkers are employed to evaluate the effectiveness of phototherapy. The guidelines for using phototherapy that were published in 2004 by the American Academy of Pediatrics are based primarily on the total serum bilirubin (TSB) levels. 7 The commonly used criteria for the treatment of neonatal jaundice are based on measurements of TSB. The most widely used chemical methods for bilirubin measurement are those based on the coupling of bilirubin with a diazo compound or on the oxidation of bilirubin with bilirubin oxidase to biliverdin with molecular oxygen. They both suffer from hemolysis interference. 8 We therefore evaluated the whole metabonomics in serum of neonatal jaundice before and after phototherapy to elucidate the dynamic effects of phototherapy.
METHODS
The study protocol was approved by the Ethics Committee of Guangdong Medical College. The Declaration of Helsinki on ethical principles for medical research involving human subjects was adhered to throughout the study.
Patients
Thirty neonatal jaundice patients (including 18 males and 12 females) and 25 healthy infants (including 14 males and 11 females) who served as controls participated in this study. All infants with gestation ages more than 35 weeks were enrolled from the Department of Newborn of Nanshan Affiliated Hospital of Guangdong Medical College, Shenzhen, Guangdong, P.R. China, from March 2011 to November 2012. Criteria for the intervention and starting phototherapy were based on the days of age and the level of TSB defined by the Society of Pediatrics of Chinese Medical Association. 9 An overhead LED phototherapy system (Tende Electronics & Software, Ankara, Turkey; intensity: 30-120 μW/cm2/nm, spectrum 400-470 nm) was used. None of the infants in this study exhibited any other apparent clinical signs and did not receive other medical interventions. Blood samples were collected from the peripheral vein, separated by centrifugation at 3,000 rpm for 5 min, and stored at -80°C in the dark until analysis.
H NMR spectroscopic analysis of samples
Before nuclear magnetic resonance (NMR) experimentation, serum samples were thawed at room temperature for no longer than 20 min and 400 μL aliquots were combined with 100 μL of saline (0.9% NaCl in 10% D 2 O/90% H 2 O) and centrifuged at 12,000g for 5 min. A 400-μL aliquot of this solution was put into a 5-mm NMR tube for NMR analysis.
1 H NMR analysis was performed on a Varian Unity INOVA 600 NMR spectrometer (Palo Alto, CA) operating at a frequency of 599.93 Hz. All experiments were run with 128 scans and a recycle time delay of 2.1 s to ensure a steady state of recovered magnetization and 64k time domain points. A Carr-Purcell-Meiboom-Gill sequence was used to record the one-dimensional spectra with a relaxation delay of 100 ms.
Multivariate analysis
All spectra were Fourier transformed and phased with TOP-SPIN software (v. 3.0, Bruker Biospin, Germany). The data were analyzed using SIMCA-P 11.0 software (Umetrics, Umea, Sweden) for multivariate statistics analysis. Analysis of metabolite signals in the 1 H NMR serum profiles were first examined by unsupervised principal component analysis (PCA), which reduced the dimensionality of data and summarized the similarities and differences between multiple NMR spectra using score plots.
Subsequently, we obtained a more sophisticated orthogonal partial least-squares-discriminant analysis (OPLS-DA) model to get the specific discriminant information between prephototherapy jaundice and controls, as well as preand postphototherapy changes. 10, 11 The differences in the metabolites between groups were shown as coefficient of variation plots. In the correlation coefficients graph, the square root of each variable of the loading value and the value of standard deviation multiplied had a retrospective conversion. Then the data were compared with the corresponding correlation coefficient critical value table to obtain the significant metabolites between the two groups. Statistical analyses were performed using SPSS11.5 software (SPSS, 
Figure 1
The PCA score plot based on the 1 H-NMR spectra of serum samples. Black squares represent the pretherapy patients, red dots represent posttherapy patients, and blue diamonds represent the control group.
Chicago, IL). The threshold P value was set at 0.05 throughout the study.
RESULTS

PCA
The clinical and laboratory data of neonatal jaundice infants and controls are shown in Table 1 . Figure 1 displays the 2D PCA score plot of the three groups, pretherapy, posttherapy, and control groups. Although some overlap existed among samples from the three groups, this model explained more than half of the variability among the samples with an R 2 X of 0.824, an R 2 Y of 0.895, with a predictability value of Q 2 Y of 0.807. that are mainly responsible for separating the controls from the prephototherapy patients. According to the cutoff value of the correlation coefficient, (i.e., |correlation coefficient| > 0.301), prephototherapy neonatal jaundice patients showed increased valine, myo-inositol, lysine, leucine, lactate, isoleucine, glycine creatine, alanine, and decreased LDL(CH3-(CH2)n), as shown in Table 2 .
OPLS-DA
OPLS-DA modeling revealed a clear separation between the pre-and postphototherapy profile with an R 2 X of 0.238, an R 2 Y of 0.809 and a Q 2 Y of 0.753 (Figure 3a) . Postphototherapy metabolic profiles showed that the main metabolites changing were β-glucose, α-glucose, valine, tyrosine, phosphocholine, pyruvate, trimethylamine, etc. (Figure 3b) . According to the cutoff value of the correlation coefficient (i.e. |correlation coefficient| > 0.330), 28 metabolites were found to discriminate prephototherapy and postphototherapy patients ( Table 2) .
DISCUSSION
The level of TSB is used as a criterion for the diagnosis of neonatal jaundice patients and evaluating the effectiveness of phototherapy. 12 In the present study we applied NMR-based metabolic profiling to examine the serum from neonatal jaundice patients who underwent phototherapy and identified some new low-molecular-weight biomarkers. Table 2 , compared with the healthy controls, neonatal jaundice patients showed increased valine, myo-Inositol, lysine, leucine, lactate, isoleucine, alanine, creatine, and glycine, as well as decreased low-density lipoprotein cholesterol (LDL). The elevated levels of valine, leucine, lysine, isoleucine, and alanine reflected the abnormal metabolism of amino acids in neonatal jaundice patients. It is well known that lactate is a product of glycolysis; more recently, scientists have reported that lactate changes were found in severe neonatal hyperbilirubinemia patients. 13 Creatine is a nitrogen-containing compound synthesized mainly in the liver, and it serves as an energy shuttle between the mitochondrial sites of adenosine triphosphate (ATP) production and the cytosol. 14 We conjectured that the observed higher levels of creatine might result from hepatic cell dysfunction. In addition, neonatal jaundice patients showed decreased LDL. Previous studies have showed that bilirubin has antiatherogenic properties and is negatively correlated with lipid level in serum. 15 In brief, the findings of this pilot study showed that the mebabolites mentioned above may be used as potential biomarkers in the diagnostic assessment of neonatal jaundice.
Comparison the metabolic profiling in neonatal jaundice and healthy controls As shown in
Comparison the metabolic profiling in the prephototherapy and postphototherapy groups
In the present study, 28 metabolites were altered in postphototherapy neonatal serum compared with prephototherapy, 13 metabolites increased, notably lactate and lipid, and 15 metabolites decreased, notably glucose and some amino acids; most of these metabolites are mainly associated with lipid, amino acid, and glucose metabolism.
The levels of β-glucose and α-glucose were obviously decreased (r values -0.666 and -0.658, respectively) in the serum of neonatal jaundice patients after phototherapy, indicating that phototherapy directly affects neonatal energy metabolism. It should be noted that these findings are exploratory. Metabolic changes in healthy infants were not evaluated. Therefore, metabolic changes in the phototherapy group may be the result of postnatal maturation or feeding.
An earlier study found that phototherapy can result in an increase in peripheral blood flow, which can consume energy and lower the glucose levels. 16 This may explain the decreased β-glucose and α-glucose levels in the postphototherapy group. Pyruvate levels were reduced and lactate levels were increased. Lactate (r value 0.599) is the end product of glycolysis and pyruvate is an intermediate product of glycolysis produced before lactate. Pyruvate (r value -0.346) may produce more ATP through the glycolytic pathway, which results in the increased lactate when the body has an extreme demand for energy. On the other hand, in the infant phase, the body has an important ability to maintain glucose homeostasis. 17, 18 The aforementioned metabolites showed that phototherapy resulted in decreased β-glucose and α-glucose levels, which may cause the neonatal body to increase gluconeogenesis to resist the reduced blood glucose. In our study, the level of glucogenic amino acids including valine, lysine, leucine, isoleucine, and alanine were reduced and we speculate that these amino acids were converted to glucose to maintain the glucose homeostasis. In addition, as an isomer of glucose widely distributed in tissues, myo-inositol maintained a lower level. Therefore, we think phototherapy can not only accelerate the metabolism of bilirubin, but also lead to altered glucose metabolism.
Our study also showed that the serum levels of lipids, such as VLDL (r values 0.517, 0.664) and LDL (r values 0.715, 0.565), markedly increased in postphototherapy compared with prephototherapy. The results in the postphototherapy group agreed with the studies of Yoshino et al., 19 which showed that TSB was inversely associate with LDL and VLDL. In our study, the markedly decreased levels of lipids such as VLDL and LDL in neonatal jaundice patients postphototherapy may be caused by photodynamic stress, which can induce lipid peroxidation. However, Bhuiyan et al. 20 observed that the bilirubin level correlated positively with the HDL-C level, and we did not observe an increase in HDL in the postphototherapy group; this result may be due to the small numbers of participants in our study.
CONCLUSION
Bilirubin can be converted into water-soluble photoisomerization when exposed to light. However, the metabolism of the photoisomers is not known in detail. In our research, we applied an NMR-based metabonomic approach to study the metabolic profiling of serum from infants with neonatal jaundice; the significant metabolite differences may provide some potential clues to elucidate the detailed mechanisms of action of the effect of phototherapy and serve to inform future studies of additional complementary biomarkers to diagnose and monitor treatment. More research on follow-up measurement in the healthy infants is needed. 
